plugging is to improve the dose fall-off along a certain direction to improve normal structure sparing adjacent to the target volume. It is also used to prevent individual beams from passing through a normal structure such as the lens of the eye. In general, the improvement in the dose fall-off along one direction via source plugging has been associated with degradation in dose fall-off along other directions. However, this observation was primarily based on the experience of limited source plugging (< 100 plugs) and shots placed at different isocenters. In view of the intense plugging possible with Gamma Knife Perfexion, the question arises whether use of blockedor mixed-sector collimation would significantly affect the average dose fall-off as compared with the previous Gamma Knife models.
Any change in the dose fall-off could directly affect the volume of a peripheral isodose such as the 10-Gy volume or the 12-Gy volume. Several studies have correlated these peripheral isodose volumes with the development of symptomatic radiation necrosis after Gamma Knife surgery. 1, 2, 4 If composite sector collimation significantly alters the overall dose fall-off relationship, then there could be important clinical implications. The goal of our study was to investigate whether the dose fall-off relationship is altered with the use of composite sector collimators for typical Gamma Knife treatment cases.
In this study, we first derived the average dose falloff relationship via the theoretical calculations. A general parameter was obtained for measuring the average dose fall-off regardless of the shape of the isodose distribution formed by a single shot. On the basis of such a relationship, we compared the average dose fall-off for a cohort of Gamma Knife Perfexion versus a cohort of Gamma Knife Model 4C clinical treatment cases. The differences in the average dose fall-off were investigated for various ranges of isodose levels.
Methods
For the study, we approximated the dose distribution near the target periphery with a power series expansion to its nearest term as follows,
where x ≡ r → • n and n is the norm vector of a small area da on the isodose surface as illustrated in Fig. 1 , and r → is the vector originated from the center of the mass of the target volume. Here we have assumed that the isodose surfaces near the target expand similar to a wave form that follows the direction of n , that is, along the direction of the gradient D.
From Eq. 1, we have
On the basis of the illustration of Fig. 1 , a small increase in the peripheral isodose volume (∆V) near the target peripheral can be calculated by applying the divergence theorem as follows
In Eq. 3, the isodose surface S near the target needs to form a contiguous closed surface that satisfies the condition of the divergence theorem.
By rearranging Eq. 3, we have
From Eq. 4, the volume of a peripheral isodose line V and its dose value D can be simply expressed as follows,
where V 0 is the volume of a reference isodose level, such as the prescription dose D 0 , and γ is an empirical parameter that is inversely proportional to the m power of the nearest dose fall-off term of Eq. 4. As an example, if the dose falls off in the manner of inverse square law, then we have m = 2 and consequently γ = −1.5.
If we substitute D = ½D 0 into Eq. 5, we can further express the gradient index (GI) 7 in terms of γ as follows
From Eq. 6, if the absolute value of γ decreases, GI also decreases indicating a smaller volume enclosed by the lower isodose level or improved dose gradient. Similarly as the absolute value of γ decreases, the value of m increases indicating a higher power or steeper dose falloff. For the same example, if the dose falls off via the inverse square law, we have m = 2 or γ = −1.5 and substituting into Eq. 6, we have GI = 2.8, which matches the commonly observed GI value of 2.6-3.0 in Gamma Knife treatment plans.
The advantage of γ is that its value is a not constrained by a fixed dose range. This allows us to compare dose falloff for any arbitrary end dose values including those that fall inside and beyond 50% of the prescription dose D 0 (for example, from 100 to 75% of D 0 or from 100 to 25% of D 0 ). In contrast, the value of the volume ratio of 2 isodose lines would depend on the choice of which 2 isodose values were selected for the calculation. For this study, the γ value allowed us to examine the dose fall-off characteristics within different dose ranges for Gamma Knife Perfexion versus the previous Gamma Knife model.
To study the effect of composite sector collimation, we compared 40 pairs of clinical cases treated with Gamma Knife Perfexion and Gamma Knife Model 4C at our institution. The cases included typical single-target treatment sites such as trigeminal neuralgia, acoustic neuroma, meningioma, primary and metastatic lesions, and arteriovenous malformation. For comparison, we divided the cases into 2 groups based on how the sector collimators were used in the Gamma Knife Perfexion treatment planning: Group 1 consists of 20 initial cases treated with Gamma Knife Perfexion in which the treatment plans were developed by first placing the open shots and then applying sector collimation and/or dynamic shaping in each shot to primarily "touch-up" the conformity of the treatment plans. 8 Group 2 consists of 20 later cases in which blocked sectors or composite shots were used from the start of the treatment planning where the largest possible shot was generally placed from the beginning to match the shape and size of the target volume. For each group, 20 Gamma Knife 4C cases were randomly selected to match the treatment sites of the Gamma Knife Perfexion plans. The summary of the plan parameters for all the cases is listed in Table 1 . Sector mixed or blocked shots were used for all the Gamma Knife Perfexion cases and the Gamma 4C cases mostly used open shots except for cases involving certain lesions such as pituitary adenoma and trigeminal neuralgia in which plugged shots were used to spare the adjacent critical structures.
For each case, we extracted the full-range isodose volumes and then fitted the data separately for 3 different dose ranges-from 100% of the prescription dose to 75%, to 50%, and to 25% of the prescription dose and determined the respective γ values. The data were fitted using the logarithmic-logarithmic plot of Eq. 6 as follows
From Eq. 7, the slope of the fitted line yielded the value of γ. Finally, the mean values of fitted γ were calculated for each group as well as for the combined group. The differences in the mean γ values were compared via the Student t-test between Gamma Knife Perfexion and Model 4C treatment plans. Figure 2 shows the logarithmic plot of the peripheral dose fall-off for a typical AVM treatment with the Gamma Knife Perfexion versus the Gamma Knife Model 4C. Note that the individual isodose volumes were normalized to the prescription isodose volume. In the plot, 0% of the x-axis represents 100% of the prescription dose which corresponds to 50% of the maximum dose for the case. The Gamma Knife Perfexion plan and the 4C plan had an identical conformity index (1.3) and 100% coverage of the target volume by the prescription isodose line. No plugs were used for the 4C plan but the mixed sector collimators were used for every shot in the Perfexion plan. The linear regression fits of Fig. 2 resulted in the correlation coefficients of R 2 > 0.99 for both curves. The γ values from the slope of the curves were: −1.41 versus −1.42 from 100 to 75% of the prescription dose; −1.74 versus −1.67 from 100 to 50% of the prescription dose; and −1.48 versus −1.51 from 100 to 25% of the prescription dose for Model 4C versus Perfexion plans, respectively. The overall agreement in the mean γ values was excellent (< 5% difference) between the Perfexion plan and the 4C plan for this case.
Results
Summarizing all the cases in Group 1, the results of the γ values of Gamma Knife Perfexion versus Model 4C are given in Fig. 3 . For all the cases, the prescription isodose lines varied slightly from 45 and 60% of the maximum dose with most at 50% of the maximum dose. For consistency, the box plot of Table 1 . As shown in the table, no statistically significant difference in the mean values was found. The probability values for the 3 dose ranges shown were 0.65, 0.84, and 0.22, respectively.
From the results of Table 2 , the overall γ values showed that the inverse square law can be used as a general rule of thumb for most treatment cases regardless the use of blocked or mixed sector collimators. Nonetheless, a general trend of decreasing absolute γ values can be noted as the dose range extends from the prescription isodose line to lower isodose lines. For example, the absolute γ value was slightly higher for the dose range from 100 to 75% of the prescription dose than the value from 100 to 25% of the prescription dose. This was consistent for both Gamma Knife Perfexion and Model 4C, which suggests that the dose fall-off tends to be generally steeper at a distance farther away from the target periphery than at the proximal region near the target.
Discussion
In this study, a general formula measuring the peripheral dose fall-off was derived for Gamma Knife surgery. The formula fitted equally well for Gamma Knife Perfexion and Model 4C treatment plans. We compared the volume-averaged dose fall-off between the Gamma Knife Perfexion and the Model 4C treatments for common clinical cases. No statistically significant differences in the average dose fall-off were found.
Given the significantly enhanced flexibility provided with the sector collimation in Gamma Knife Perfexion, it is possible that multiple treatment plans can be developed to produce conformal treatment plans that have poor dose fall-off characteristics. For clinical situations, however, the assumption was that the user has attempted to optimize the treatment plans before treatment delivery. In other words, the results of our study may have represented the "best possible" scenario for both the Gamma Knife Perfexion and the Model 4C treatment cases. Nonetheless, the general formula derived in our study suggests that despite the chance of producing suboptimal treatment plans, closely monitoring the size of a low-level peripheral isodose line such as 25% of the maximum dose during treatment planning is sufficient to act as a surrogate for the overall dose fall-off of the treatment plan. We found this to be particularly useful in optimizing Gamma Knife Perfexion treatment plans when using heterogeneous sector collimator sizes. In general, the results of our study agreed well with the results of the recently published study of Lindquist et al. 7 where no significant differences in the dose gradient index values were found for clinical cases between Gamma Knife Perfexion and the previous Gamma Knife models. These results suggested that using blocked or mixed sectors potentially improves the capability of shaping an isodose line near the target without significantly affecting the volume enclosed by a lower-level isodose line such as the 10-or 12-Gy volume for typical clinical cases. In particular, we found that that the dose fall-off tends to be slower in the region close to the target periphery than in the region a small distance away from the target periphery for both Gamma Knife Perfexion and Gamma Knife Model 4C. This seems to suggest that the overall dose fall-off may be improved if the prescription isodose line is lowered. Further studies on well-controlled cases are needed to confirm whether this is the case.
In this study, we only considered isolated target volumes with sufficient distance from the skin surface. In cases of multiple targets located adjacent to each other or a single target volume located near the skin, the result is expected to vary significantly due to the influence of the dose from the shots placed outside the target as well as truncation of the isodose lines beyond the skull surface. Furthermore, the results are also expected to be different when an unusually high (such as 90% of the maximum dose) or unusually low (such as 20-30% of maximum dose) isodose line is used as the prescription isodose line. In either case, the flattening portion of the central dose profile or its tail region from individual shots would introduce a large background dose to alter the overall dose fall-off. For a similar reason, mixing a small aperture sector collimator such as a 4-mm collimator with a large sector collimator such as a 16-mm collimator for treating a small target should be generally avoided. In addition, most of the Gamma Knife 4C cases in our study used unplugged shots except for a few cases in which limited numbers of plugs were applied. For these cases, no significant differences in the γ values were noted; however, when large numbers of plugs are used for most of the shots, it is expected that the dose fall-off would vary. This situation is similar to those in which only one or few open sectors are used for planning a Gamma Knife Perfexion treatment. Such practice is highly inefficient and should be also avoided, particularly when using the 4-mm collimator.
Conclusions
We found no significant effects on the average dose fall-off with the use of composite sector collimators for typical Gamma Knife treatments. With increased free parameters associated with the sector collimators, we recommend monitoring a low peripheral isodose line such as 25% of the maximum dose when planning Gamma Knife Perfexion treatment.
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